The plaque size and hemagglutination characteristics of five cloned wild-type strains of polyomavirus were determined. The strains fell into two groups, those with large or small plaques, each with distinctive hemagglutination behavior at different temperatures and pHs. The nucleotide sequence of VP1, the major capsid protein of the virus, was determined for each of the viral strains. The PTA (large-plaque) and RA (small-plaque) strains differed only at residue 92 of VP1, where there is a glutamic acid or glycine, respectively (R. Freund, A. Calderone, C. J. Dawe, and T. L. Benjamin, J. Virol. 65:335-341, 1991). The same amino acid difference in VP1 correlated with plaque size and hemagglutination properties of the other sequenced viruses. Mutagenesis converting amino acid 92 from glutamic acid to glycine converted the plaque size and hemagglutination behavior of the large-plaque PTA strain to that of a small-plaque strain. Furthermore, PTA and RA VP1 proteins produced in Escherichia coli behaved as their parental viruses did in hemagglutination assays. These results demonstrate that amino acid residue 92 of VP1 is involved in determining the plaque size and hemagglutination behavior of polyomavirus and strongly suggest that this region of the VP1 polypeptide interacts directly with cell receptors.
Investigations of the tumorigenic properties of different strains of wild-type polyomavirus have identified "high tumor" strains (inducing a high incidence of tumors) and "low tumor" strains (inducing a low incidence of tumors) (7) . Characterization of the genomic regions responsible for the differences in tumorigenicity between the high tumor strain PTA and low tumor strain RA has indicated that a major determinant for induction of all tumors of epithelial origin resides in the coding regions of these virus strains (15) . Comparison of the nucleic acid sequences of the PTA and RA strains revealed multiple single-base substitutions, three of which result in amino acid changes, one each in the large T antigen, in the middle T and small t antigens, and in VP1 (13a) . Analysis of the tumor profiles induced by recombinant viruses containing various segments of the PTA and RA viral genome indicated that VP1 from PTA is the major determinant for the epithelial cell tropism of polyomavirus (13a) . The difference between the VP1 genes of PTA and RA is a single amino acid, a glutamic acid or glycine at residue 92. This same determinant affects the ability of the virus to replicate and spread in the animal (9a) . In the current study we show that this amino acid difference in VP1 also determines the plaque size and hemagglutination (HA) behavior of the viruses.
Plaque size variants of polyomavirus have been studied extensively for their differential properties in lytic infection, transformation, and HA (9, 10, 19, 27, 28) . The most consistent difference found between large-plaque (LP) and small-plaque (SP) wild-type viruses is in their adsorption to cells, with SP viruses being more readily adsorbed than LP viruses. Other differences in virus output, efficiency of transformation, or selective advantage during long-term culture have been attributed to this apparent difference in adsorption. For example, the mutant Py235 (1), initially * Corresponding author. isolated as temperature sensitive for growth and thought to be transformation defective, was characterized as having a defect in adsorption leading to an apparent decrease in transformation efficiency. HA by polyomavirus has been shown to be a reliable indicator of this adsorption property (6, 11) . LP and SP variants have been distinguished by their HA properties under different conditions of pH and temperature (9, 12, 19) . Although polyomavirus may recognize at least two classes of receptor proteins on the cell surface (2), adsorption differences between plaque variants appear to be based upon recognition of specific sialyloligosaccharide linkages (3, 4, 16) . The linkages recognized by LP and SP variants appear distinct: both LP and SP viruses recognize the unbranched NeuAca2,3Gal,1,3GalNAc structure equivalently; however, LP variants bind the branched structure NeuAcoa2,3GalI1,3(NeuAca2,6)GalNAc with a much lower affinity than SP variants do.
Here we report that the LP viruses contain glutamic acid and the SP viruses encode glycine at residue 92 of VP1. The results presented in this report, taken together with data on the tumor tropism and replication in mice, suggest that this region of VP1 interacts with cell surface receptors.
MATERIALS AND METHODS
Virus strains. Five wild-type virus strains were used in these experiments. The generation of virus stocks from the cloned strains PTA, RA, and A2 has been previously described (7, 14) . The stocks of P16 and Tlp were generated similarly. Lysates were obtained by infecting a 100-mm plate of primary baby mouse kidney cells with a single large plaque isolated from an uncloned stock of the Toronto SP strain (25, 37) obtained from R. Sheinin or with a small plaque from a P16 stock (9) . These lysates were used to make viral DNA. The DNA was isolated by the method of Hirt (21) Both strands of the VP1 gene from RA were sequenced. For one strand, overlapping DNA fragments were generated by the method of Hong (22) and sequenced by using the M13 universal primer (35) . The opposite strand was sequenced by using Sequenase (United States Biochemical Corporation) with subcloned templates and appropriate oligonucleotide primers. One strand of the VP1 gene from the strains PTA, A2, P16, and Tlp was sequenced by the dideoxynucleotide sequencing method by using a set of oligonucleotide primers complementary to the plus strand of the VP1 gene (35) . The viral DNA from Py235 was obtained by the method of Hirt (21) , further purified by electrophoresis in 1% low-melt agarose (Seaplaque) in Tris-acetate buffer, phenol extracted, and ethanol precipitated. The VP1 coding region was sequenced directly from the isolated viral DNA by using Sequenase and appropriate oligonucleotide primers.
Site-directed mutagenesis. A glutamic acid-to-glycine mutation was introduced at position 92 of VP1 from PTA by oligonucleotide mutagenesis. The mutagenesis was performed as previously described (5) by using the large BamHI-to-EcoRI fragment (nt 1560 to 4632) of PTA cloned into M13mpl9 and the 23-mer GTGTATTATTCCCTGGG GAATCC, which is complementary to sequence nt 3792 to 3812 on the plus strand with mismatches (underlined) at nt 3802 and 3803. The construction and propagation of the resulting virus, designated PTA/RA-VP1, was previously described (13a).
Recombinant VP1 protein. The large EcoRI-to-BamHI fragment (nt 1560 to 4632) of PTA was subcloned into pUC13. The RA VP1 expression vector, pALVP1, has been previously described (23) . In order to express PTA VP1, the HindIII-to-PvuII fragment (nt 3918 to 2032) from the PTA subclone, which contains the VP1 coding sequence from amino acid 52 to the carboxy terminus, was ligated into the same restriction sites of the expression vector pALVPltac NCO (17) . The NcoI deletion present in the original plasmid was restored upon introduction of the PTA fragment. This construction replaced the RA VP1 coding sequence with that of PTA from amino acid 52 to the carboxy terminus of VP1. Recombinant RA and PTA VP1 proteins expressed in Escherichia coli RB791 from these vectors were purified as previously described (23) .
Nucleotide sequence accession number. The GenBank accession number for the nucleotide sequence data of the VP1 gene is M34958. gave predominantly large plaques, while RA and P16 gave small plaques (data not shown).
The same virus stocks were used to measure agglutination of sheep erythrocytes at different pHs and at both 4 and 37°C. The results obtained were similar to those previously described for SP and LP strains (9) . Figure 1 shows the HA behavior of the LP (PTA, A2, and Tlp) and SP (RA and P16) strains. At both 4 and 37°C, the SP strains RA and P16 hemagglutinated most efficiently at a higher pH (7.5) , whereas the LP strains PTA, A2, and Tlp hemagglutinated better at a lower pH (6.5). A comparison of the absolute HA titers at each temperature revealed that the LP strains were more sensitive to temperature than the SP strains. For example, at pH 7.0, the titer of PTA is 32-fold lower at 37°C than it is at 4°C, while the titer of RA is only 4-fold lower at 37°C than it is at 4°C. The HA behavior of the mutant Py235 was similar to that of the LP strains, as originally reported (1) .
Nucleotide sequence of VP1. It has been shown previously by marker rescue experiments (13, 30) that plaque size and HA properties of polyomavirus map to the major coat protein gene, VP1. To correlate these parameters with the amino acid sequence of VP1, the nucleotide sequence of the VP1 gene from each strain was determined. VP1 of all five strains contains 384 amino acids, the same number as previously reported for VP1 of other polyomavirus strains (8, 33, 36) , but the primary sequences differ in certain regions. Figure 2A shows the inferred amino acid sequence of VP1 from the RA strain. A comparison of the amino acid sequences of the different strains revealed few differences. The PTA and RA VP1 differed only a residue 92; PTA encoded a glutamic acid at that position, while RA contained a glycine. Both the LP strain Tlp and the SP strain P16 contain aspartic acid at position 88 and isoleucine at position 291, while the LP strains PTA and A2 and the SP strain RA encode a glutamic acid and valine at these positions, respectively. Since LP and SP viruses have the same amino acid at positions 88 and 291, these differences do not affect plaque size and HA behavior strongly. Figure 2B shows the amino acid sequence around position 92 for the strains PTA, RA, P16, A2, Tlp, and the mutant Py235. All the LP strains studied contain glutamic acid at position 92, and all the SP strains contain glycine at that position; thus, the amino acid at position 92 in VP1 determines the plaque size and HA properties of the viral strains. The Py235 virus contains a glutamic acid at residue 92 of VP1, consistent with its LP phenotype. The Py235 VP1 gene also contains two nonconservative amino acid differences, a proline-to-leucine change at position 44 and an aspartic acid-to-asparagine change at position 89, and a two-amino-acid deletion at residue 147. These additional differences may contribute to the temperature-sensitive growth defect of the mutant virus.
Site-directed mutation of the VP1 gene of PTA. The data presented above suggest that the amino acid at position 92 of VP1 is responsible for the differences in plaque size and HA behavior between the LP and SP strains. As a further test, the mutant strain PTA/RA-VP1 constructed from the LP PTA strain by changing the glutamic acid at position 92 to glycine (13a) was examined. The plaque size and HA behavior of the PTA/RA-VP1 virus was compared with those of PTA and RA. The plaque size of PTA/RA-VP1 was essentially identical to that of the SP strain RA (Fig. 3) . In addition, PTA/RA-VP1 agglutinates erythrocytes in a manner identical to that of RA at all temperatures and pHs tested (Fig. 1) . Thus, a single-amino-acid change at residue 92 in VP1 of PTA is sufficient to change the plaque size and HA behavior to those of an SP strain.
HA properties of recombinant VP1 protein. To show whether the viral protein VP1 by itself is responsible for the agglutination of sheep erythrocytes by the virus strains, HA assays were performed with purified recombinant VP1 from PTA and RA. The DNA sequences encoding VP1 from PTA and RA were cloned into an E. coli expression vector (23) . The viral VP1 proteins expressed in E. coli were purified and tested in HA assays at different pHs and at both 4 and 37°C. Figure 4 shows that the recombinant VP1 proteins from the SP virus RA 
